Objective To characterize ex vivo healthy human axillary lymph nodes on 7 Tesla MRI and to correlate the findings with pathological analysis as a first step towards non-invasive staging of breast cancer patients in the future. Methods Four axillary lymph node dissection (ALND) specimens from 2 autopsy patients, who had no cancer, were examined on a clinical 7 Tesla MRI system. For morphological analysis a 3D T1-weighted fat-suppressed fast-field-echo [isotropic resolution 180 μm] was acquired. For quantitative analyses 2D T1-, 3D T2-, T2*-and diffusion-weighted images were acquired. The ALNDs were mapped and stained for precise correlation of MRI to pathology. Nodes were sliced in 3 μm sections, Haematoxylin & Eosin stained, and examined by an experienced pathologist. Results MRI detected all 45 nodes and 6 additional nodes that were not detected at pathological analysis. B-cell follicles, efferent-and afferent lymph vessels and blood vessels were identified. Mean T1, T2, T2*, ADC values (± standard deviation) were 944±113 ms, 32±2 ms, 16± 2 ms, 0.39±0.09·10
Introduction
Breast cancer is the most common form of cancer in women worldwide [1] . The most important factor determining prognosis for these patients is axillary lymph node status [2, 3] . Assessment of nodal status currently requires surgery, by performing a sentinel node procedure, followed by an axillary dissection in case of a positive sentinel node [4] . This procedure can cause morbidity and therefore, less invasive staging procedures, such as by imaging, are warranted [5, 6] .
Diffusion weighted MRI (DWI) has shown promise in the detection of lymph nodes, but so far cannot accurately discriminate benign from malignant nodes [7, 8] . With the use of ultra-small particles of iron oxide (USPIOs), MRI has shown to be able to assess axillary nodal status in vivo with a high positive and negative predictive value [9] . However, this contrast-agent has not been approved for clinical application yet, and identification of metastatic lymph nodes, based solely on morphological criteria, remains challenging [10] [11] [12] .
Recently, MRI systems with a magnetic field strength of 7 Tesla (T) have come into use. We have used a whole body 7T MRI platform to determine morphological and quantitative characteristics, such as T1, T2, T2* and apparent diffusion coefficients (ADC), ex vivo of healthy human axillary lymph nodes. Knowledge of benign lymph node characteristics may support a better assessment of metastatic nodes in vivo in the future. MRI data was correlated to the gold standard, pathology, on a node to node basis.
Material and methods

Harvesting of lymph nodes
During two autopsies, four axillary lymph node dissection (ALND) specimens were retrieved. The deceased were two females who died of cardiovascular disease and who had donated their bodies to science. No breast-or other cancers were detected. An ALND is a block of fatty tissue in which the axillary lymph nodes are located; nodal configuration and peri-nodal anatomy is thus maintained. Subsequently, the specimens were stitched onto a plastic grid and were fixed in formaldehyde for at least 1 week (range 1 week-11 weeks).
MRI protocols
The specimens were examined using a commercial 7T MRI system (Philips Healthcare, Cleveland, USA), using a transmit/receive head coil with a 16 channel receive coil (Nova Medical, Wilmington, MA, USA). During MR data acquisition, the specimens were submersed in fomblin (Solvay Solexis, Bollate, Italy) to provide susceptibility matching [13] .
The MR-protocol for all ALNDs (51 nodes) consisted of: 
Pathology
Pathological examination was performed according to standard ALND protocol by an experienced pathologist, who was blinded to the MRI results during the initial evaluation of the specimen. Detected nodes were sliced into 4 mm sections and were paraffin embedded after which 3 μm thick slices were cut from each 4 mm block, which were subsequently stained with Haematoxylin & Eosin (H&E). Following standard pathological examination, the ALND specimen was correlated to the MRI-based map to identify any remaining nodes. After removal of any remaining MRI-detected nodes, the residual fatty tissue was submersed in acetone to detect any small lymph nodes which might have been overlooked. For matching purposes with MRI, digital pictures of all sections were obtained at a 1.5 magnification with a digital camera (Leica, Rijswijk, the Netherlands) mounted on top of a standard microscope (Leica).
MRI to pathology correlation
After positioning on the plastic grid, a detailed map was drawn of each specimen, noting the location of the individual nodes as they were situated in the fatty ALND tissue, using the horizontal and vertical lines of the grid as longitude and latitude references. Nodes detected by the pathologist were visually matched to nodes on this map. After removal of each node, it was dyed to permanently mark the sides which were superior and left on the MR images.
The high resolution 3D T1W protocol (voxel volume 5.8 nanoliter) allowed reconstruction along arbitrary planes which enabled accurate matching of the MR images to the sectioning plane of microscopic pathology slides.
MRI analysis
Quantitative and morphologic MRI analysis was done using in-house software created in MATLAB (Mathworks, USA). The mean absolute T1 relaxation times were determined for all nodes in all specimens. Quanti-tative analysis of T2 and T2* relaxation times and the ADCs were determined. Values were determined by drawing ROIs on the transversal views of the fitted maps derived from the original images. The T1 values were calculated according to a T1-mapping acquisition method described by Hsu et al. [14] . The "Hsu algorithm" was selected after testing it on our samples against a 3 parameter non-linear least-squares algorithm which fitted the data directly to the Look-Locker equation. The Hsu-method correlated better to "gold standard" MR spectroscopy T1 measurements performed on the same specimens (data not shown). For T2-mapping only the even echo times were used to minimize the sensitivity to errors in the pulse angle of the 180 degrees refocusing pulses.
In addition to the measured T1 values, temperaturecorrected T1 values are presented, which were calculated according to Rieke et al. [15] , who described an increase in T1 values of approximately 1.5% per degree Celsius. Similarly, ADC measured at room temperature, was extrapolated to body temperature, assuming a linear relationship, according to the Stokes-Einstein equation.
Morphologic analysis was performed on the high resolution 3D T1W MR data sets. The longest diameter (length) and the perpendicular in-plane diameter (width) were measured on transversal images. The shape, presence of a fatty centre and detailed structural architecture of the nodes were described.
All quantitative results were expressed as means with a standard deviation. A correlation of the size and the morphologic features was performed using Spearman's rank test.
Results
MRI detected 51 nodes in the four ALNDs. Figure 1 shows a maximum intensity projection of the 3D T1W data set of specimen 2. Forty-two of 51 nodes (82%) were retrieved during routine dissection of the ALNDs. Of the remaining nine MRI-detected nodes, three could be retrieved on reexamination of the specimen; one directly after consulting the MRI-based map and two others after defatting the specimen with acetone. The remaining six MRI-detected nodes -all smaller than 3×2 mm 2 -were not found at pathological examination.
Quantitative analysis Table 1 shows the number of nodes detected by MRI and by pathology and the various MRI characteristics per ALND. The influence of conservation time on T1, T2 and T2* is shown in Fig. 2 Lymph nodes are connected to lymphatic pathways and blood vessels. Lymph is conducted to the node Fig. 1 Thin-slab maximum intensity projection over 2 mm of a 3D T1W MR data set (180 μm isotropic resolution) of an axillary lymph node dissection specimen. Solid white arrows: Lymph nodes depicted against a black background consisting of suppressed fat. Open white arrows: Lymph-and blood vessels. Black arrow: A macroscopically proven blood vessel. Arrowhead: An artifact caused by a gauze, which had not been drenched in fomblin. Rectangle: A remnant of formaldehyde inside the pleats of the specimen through afferent vessels on the convex side. The lymph exits the node through efferent vessels on the concave hilar side, together with the vasculature [16] . Typically, there are more afferent than efferent vessels [16] . We visualized many small afferent vessels at nodal convexities and a few, often prominent, efferent vessels exiting the node from the hilus (Fig. 4) . The lymph node capsule contains a vascular network which runs parallel to the lymph flow in order to facilitate the exchange of fluid components. These vascular structures can become dilated, which was visualized in Figs. 3f, 5a and 6b.
The outer part of the lymph node capsule contains centres called B-cell follicles, which mainly consist of B-cell lymphocytes; These centres are described as either primary (inactive), or secondary (activated) [16] . On 3D T1W MRI several hypo-intense regions were depicted in the hyper-intense capsule as shown in Figs. 4a and 6a. These structures visualized on MRI corresponded to the location of activated B-cell follicles seen at pathology. At pathology these centres had diameters of up to 1.3 mm (range 0.1-1.3 mm). On MRI the diameters ranged from 0.4 to 1.5 mm.
Discussion
We presented the 7T characterization of ex vivo healthy human axillary lymph nodes with a node-to node correlation to pathology. 45 axillary nodes from 4 ALNDs were characterized on MRI and subsequently correlated to pathology. This study is an ex vivo study in which normal lymph node characteristics were assessed at 7T. Therefore lengthy MR protocols could be used for this purpose. However this can not be applied to in vivo characterization of nodes. Nonetheless, taking technological advancements into consideration as well, knowledge gained by analyzing ex vivo nodes can help with a quicker assessment in the future of lymph nodes in vivo in cancer patients.
Nodal detection rate was higher for MRI as compared to pathology Previously Luciani et al. performed an ex vivo, node to node correlation study at 1.5T showing that MRI accurately assessed lymph node size, but missed on average 20% of the nodes found by pathology [10] . By comparison, in this The total number (#) of nodes found on MRI and by pathology, the mean transversal dimensions in millimeters (mm) ± standard deviation (SD) and range, the mean T1, T2 and T2* relaxation times and the mean apparent diffusion coefficient (ADC) are depicted The T1 values are depicted by "-", the T2 values by "▲"and the T2* values by "♦" Fig. 3 Six lymph nodes on 3D T1W images (180 μm isotropic resolution) and on matching H&E stained histopathology images (1.5× magnification). Solid thin arrows: Afferent lymph vessels, which conduct lymph towards the convex side of the node. Open arrows: Efferent lymph vessels, which exit the node on the concave side. Fat short arrow: The centre of the hilus, which is of low signal intensity on this MR image. This is most likely due to the presence of fat, which is suppressed and due to the presence of blood vessels. These are also of low signal intensity on MRI due to the high susceptibility caused by the iron (hemoglobin) content of the erythrocytes in these vessels. Open arrow head:
Intranodal dilated blood vessels. The vessels contain erythrocytes on the pathology slides. These vessels have low signal intensity on the MRI scans, due to susceptibility artifacts because of the hemoglobin, iron, content. a-c Bean shaped nodes with fatty centres and a highly cellular capsule. d-f Compact spherical nodes with no fatty centres ex vivo study, at 7T we detected all nodes found at subsequent pathological examination. A likely explanation is the higher imaging-resolution -we used a 55-times smaller voxel size (voxel volume 5.8 nanoliter)-and the higher lymph node to background contrast of the fatsuppressed 3D T1W data set we acquired. Moreover, MRI detected nine more nodes than were retrieved at subsequent standard pathological examination of the ALNDs. Six of these nine MRI-detected nodes could not be correlated to pathology. Therefore in theory these would have to be considered false positives when using pathology as the gold standard. However their morphological appearance and Fig. 4 The hilus of three different nodes on thin-slab maximum intensity projections (MIP) over 2 mm of a 3D T1W MR image (180 μm isotropic resolution). Solid white arrows: Afferent lymphatic vessels. Open arrows: Efferent lymph vessels. Thin black arrow: Bcell follicle. a An area of low signal intensity is visible in the lymph node capsule. This corresponds to a B-cell follicle at pathological examination. b The MIP is oriented in such a way as to depict all efferent vessels and as many afferent vessels as possible. Not all afferent vessels can be seen in one view their T2 (33±2 ms) and T2* (17±2 ms) characteristics closely matched those of histologically-confirmed lymph nodes. Also anatomically, no other structures of corresponding size and shape are present in ALND specimens. For these particular nodes the mean T1 value could not be determined because they were not visualized on the (single slice) Look-Locker data set, and the ADC was of insufficient resolution for accurate ROI analysis. Three of the nine additional nodes however were pathologically confirmed lymph nodes. These nodes were only retrieved by the pathologist on the basis of the MRI, one after direct consultation of the MRI-based map for its precise location and two others after the specimen was more thoroughly defatted because the MRI-based map indicated more nodes should be present. The data therefore suggest that MRI has the potential to detect even more nodes than standard clinical pathological examination.
Morphological characteristics of lymph nodes
This study also indicates that not all benign nodes have a lipid rich medulla. Additionally, it is shown that size and shape of histologically-proven benign human lymph nodes can vary greatly. A fair correlation was found between size and the presence of a fatty centre. Larger lymph nodes were more likely to have a fatty centre than smaller lymph nodes. This is useful for their putative discrimination from malignant lymph nodes which are also, on average, larger, but often do not contain a fatty centre [17] . In the present study all nodes were histologically proven benign nodes, but this issue is addressed in an ongoing 7T study in lymph nodes derived from breast cancer patients. With respect to metastatic morphology; the roundness of nodes did not correlate with the presence of a fatty centre. In addition, while a diameter greater than 10 by 15 mm on transverse images is often used as a cutoff for the detection of metastatic nodes [8, [18] [19] [20] , the diameter of the healthy nodes in this study -also measured in the transversal imaging plane-varied from 0.6 to 17.0 mm by 1.3 to 27.2 mm. Many efferent and afferent lymph-and blood vessels were visualized. Efferent blood vessels cannot always be discriminated from efferent lymph vessels on MRI. However, also pathologically, lymph vessels can only be differentiated from blood vessels with certainty if valves (lymph vessels) or erythrocytes (blood vessels) are present.
Several putative secondary B-cell follicles situated in the periphery of the nodes were observed. At pathology these nodes were normal reactive lymph nodes with multiple, activated B-cell follicles. The signal intensity of these follicles was not as hypo-intense as the hypointensity caused by the presence of erythrocytes (Fig. 6 ) which are found in blood vessels, nor was the shape of the structure similar to vessels. It is important to note that these areas of hypo-intensity in the nodal capsule on the (non-contrast-enhanced) T1W images are not metastatic involvement.
Quantitative analysis
Mean absolute T1, T2 and ADC values of ex vivo healthy human axillary nodes at 7T were 944 ms, 32 ms and Intranodal dilated blood vessels. a A round shaped lymph node with a fatty centre. A vessel (encircled) traverses the capsule of the node. b A horseshoe shaped lymph node with a fatty centre 0.39·10 −3 mm 2 /s respectively. Absolute T2* values were also determined. The high sensitivity of T2* to field heterogeneity often precludes the direct comparison of these values between different studies. But given the similar T2* values measured in this study, this effect seems to be reproducible in practice for the current set-up.
The quantitative measurements in the post-mortem specimens are influenced amongst others by fixation effects of formaldehyde and by temperature [15, [21] [22] [23] [24] [25] . Therefore these data can not be extrapolated directly to in vivo conditions. With respect to the temperature, the determined ex vivo values can be corrected as shown in the Materials and methods section; but correction for the effect of fixation on cellular metabolism is not possible. Especially for T1 values Tovi et al. showed a large dependency over time of T1 measurements for formaldehyde fixated tissue [25] . This effect was also visible in our study as shown in Fig. 2 . Therefore, the reported absolute values cannot be directly compared to absolute values determined in vivo. For ex vivo studies, these measurements could nonetheless serve as a reference value for the future comparison of ex vivo healthy lymph nodes to metastatic nodes.
Conclusion
7T MRI of ex vivo human lymph nodes correlated well with pathology findings. MRI detected at least as many nodes in the ALND specimens as detected by standard clinical pathological examination and it visualized great structural detail such as efferent-and afferent vessels, intranodal capillary structures and several putative B-cell follicles. The detailed anatomical imaging, in addition to the quantitative analyses, of healthy nodes may support a better assessment of metastatic nodes in the future.
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